The excretion ratio of lactulose/mannitol in urine has been used to assess the extension of malabsorption and impairment of intestinal permeability. The recovery of lactulose and mannitol in urine was employed to evaluate intestinal permeability in children with and without diarrhea. Lactulose and mannitol probes were measured using high-performance liquid chromatography with pulsed amperometric detection (HPLC-PAD). Two groups of solutions containing 60 µM sugars were prepared. Group I consisted of glucosamine, mannitol, melibiose and lactulose, and group II of inositol, sorbitol, glucose and lactose. In the study of intra-experiment variation, a sample of 50 µl from each group was submitted to 4 successive determinations. The recovered amounts and retention times of each sugar showed a variation <2 and 1%, respectively. The estimated recovery was >97%. In the study of inter-experiment variation, we prepared 4 independent samples from groups I and II at the following concentrations: 1.0, 0.3, 0.1, 0.03 and 0.01 mM. The amounts of the sugars recovered varied by <10%, whereas the retention times showed an average variation <1%. The linear correlation coefficients were >99%. Retention (k'), selectivity (=) and efficiency (N) were used to assess the chromatographic conditions. All three parameters were in the normal range. Children with diarrhea presented a greater lactulose/mannitol ratio compared to children without diarrhea.
Introduction
The measurement of the urinary excretion of non-metabolized sugars administered orally is a useful molecular marker for noninvasive evaluation of the intestinal absorption area, transcellular and paracellular permeability as well as the integrity of the gastrointestinal mucosa (1) . There are several diseases that are associated with modifications in intestinal permeability manifesting clinically as diarrhea and weight loss: celiac disease (2), AIDS (3), Crohn's disease (4), protein-wasting enteropathy associated with Clostridium difficile (5) , chronic diarrhea and malnutrition (6) , and infectious diarrhea (7) .
The use of non-metabolized sugars represents a marked improvement in determining changes in permeability and in obtaining knowledge about intestinal absorptive physiology itself. It is clear that the measurement of intestinal permeability based on the quantified absorption of two sugars of different sizes provides more information and shows higher sensitivity in gastrointestinal disorders than trials which use single sugars for the tests (2, 7) . Mannitol and lactulose are preferred sugars because of their properties and their hydrophilic and lipophobic characteristics. They present small affinity for the glycoside transport system in the intestinal mucosa, therefore being passively absorbed and having the advantage of not being metabolized (8) . Mannitol theoretically enters the cell through the hydrophilic portion of the cell membrane, whereas lactulose goes through the tight junctions and extrusion zones of the intervillous spaces. Consequently, the loss of mucosal integrity should cause increased lactulose absorption, while the loss of absorptive areas decreases the absorption of mannitol (9) .
The determination of mono-and polysaccharides has been improved in the past years with the advent of the methodology of highperformance liquid chromatography with pulsed amperometric detection (HPLC-PAD) (1) . This methodology permits the direct analysis of several molecules of sugars with high sensitivity and extremely simple sample preparation, basically avoiding interference by other substances present in the urine. Some versions of this methodology have been employed successfully to assess the lactulose/mannitol ratio in several clinical trials (9, 10) .
In the present study, we determine the intestinal permeability using lactulose and mannitol in children with diarrheal diseases.
Material and Methods

Sugars and chemicals
Myo-inositol, D-(+)-glucosamine hydrochloride, sorbitol, mannitol, D-(+)-glucose, melibiose, ß-lactose and lactulose were purchased from Sigma Chemical Co. (St. Louis, MO, USA) as standards for the analysis.
Low-carbonate 50% (v/v) sodium hydroxide was used as eluent for HPLC.
Apparatus
The BioLC carbohydrate analyzer HPLC system, which was composed of a Module GPM-2 gradient pump, a Module EDM-II eluent degassing device and a PAD-II pulsed amperometric detector with a gold working electrode, was from Dionex (Sunnyvale, CA, USA). A CarboPac MA-1 anion-exchange column (250 x 4.0 mm i.d., pellicular resin) with an associated guard column was also from Dionex. The injections were performed manually.
Sample preparation
Two standard solutions of sugars were used to calibrate the HPLC-PAD system. Each standard contained 60 µM of the following sugars: glucosamine, mannitol, melibiose and lactulose (group I), and inositol, sorbitol, glucose and lactose (group II). Standard solutions were used to calibrate the HPLC system at the beginning of the measurements and then after every four injections (four samples) to correct for the loss of sensitivity due to the accumulation of materials on the electrodes. For the determination of intra-experiment variation we employed groups I and II at the concentration of 0.1 mM. We took four 50-µl samples from each group, which were analyzed successively. To determine the inter-experiment variation we prepared four independent samples from groups I and II at the concentration of 1.0 mM. The sugars were diluted from these solutions to the following concentrations: 1.0, 0.3, 0.1, 0.03 and 0.01 mM, and 50 µl of each sugar solution was analyzed. For the patient study we mixed 50 µl of urine plus 50 µl of a solution containing melibiose (3.6 mM) diluted in 2.9 ml of twice-distilled and deionized water. After centrifugation, 50 µl was employed for sugar determination by HPLC-PAD.
Permeability test with lactulose and mannitol in children
In order to validate the intestinal permeability test using lactulose and mannitol, we studied a cohort of children from an ongoing project in diarrheal diseases followed by our group at the Clinical Research Unit, HUWC, Federal University of Ceará. This project was approved by the Human Investigation Committee at the same institution. The children were from a poor urban community of Gonçalves Dias, Fortaleza, CE, with a population of approximately 2000, located five blocks from our research laboratories. After the consent form for participation in the study was signed by their guardians, we assigned the children to two groups: diarrhea group (N = 15), defined as children with 3 or more liquid stools in the last 24 h, and controls (N = 15), consisting of children with no episode of diarrhea in the last 2 weeks. The two groups were matched for age (within ± 3 months). The children did not differ significantly in nutritional status before the diarrhea episodes as measured by weight-for-age, height-for-age and weight-for-height z-scores. Children aged <5 years of both genders, controls and with diarrhea, were utilized to validate the permeability test with lactulose and mannitol. After a 3-h fast, children ingested a solution (2 ml/kg) containing mannitol (50 mg/ml) and lactulose (200 mg/ml). Urine was collected for 5 h into a flask containing 1 ml of chlorhexidine (40 mg/ml) purchased from Sigma. The total urine volume was recorded and a sample of 10 ml was stored at -20 o C for sugar determination by HPLC-PAD.
Chromatographic conditions for HPLC analysis
HPLC-PAD analysis for mono-and disaccharides was carried out using the Dionex BioLC apparatus described above. The sugars were eluted with an isocratic eluent of 480 mM NaOH at a flow-rate of 0.4 ml/min, with the column kept at room temperature. Sugars were determined with a pulsed amperometric detector with the waveform consisting of the following potential-duration profile: sampling, 0.15 V, 720 ms; oxidation, 0.70 V, 120 ms; reduction, -0.30 V, 360 ms. The output range of the detector was set at 1.0 mA with an integration response time of 3 s. A 50-µl volume of each sample was injected manually and the analyses were quantitated using a BioAutoIon 450 Data System (Dionex).
Data analysis
The results are reported as means ± SD and regression analyses were employed to determine the correlation coefficients of the standard sugars. The data were analyzed for intra-and inter-experiment precision, dilution linearity of the concentrations of the standards, percentage of sample recovery and specificity of separation of the tested sugars, including mannitol and lactulose. The permeability test using mannitol and lactulose was validated by the Wilcoxon test applied to data for age-matched healthy children (controls) and children with diarrhea.
Results
Separation of sugars and precision of the HPLC-PAD method
The fact that mannitol and lactulose are a monosaccharide and disaccharide, respectively, explains the difficulty in developing methods of separation and measurements utilizing enzymes for degradation. In this method we employed a CarboPac-MA1 column with resin packed in a non-metallic column body adequate for the determination and analysis of weakly ionized sugars in high concentrations of sodium hydroxide. The recovery and retention times of a mixture of sugars injected 5 times are shown in Tables 1 and 2 , respectively. For the deter-mination of intra-experiment variation, the standard deviation was less than 1.9% for the recovery of sugar samples and less than 1.2% for the retention times. For inter-experiment determinations the average variation was 9.8% and the variation in retention times was less than 2%.
Linear variation of dilutions and percentage of recovery of standard samples
The linear variation was evaluated by the correlation coefficient obtained from regression analysis of 5 injections of each standard sugar used at the following concentrations: 1.0, 0.3, 0.1, 0.03 and 0.01 mM. The results analyzed were the average of four determinations for each concentration utilized. The correlation coefficients were r 2 = 1.0 for mannitol, r 2 = 0.994 for glucosamine, r 2 = 1.0 for lactulose, r 2 = 0.998 for melibiose, r 2 = 0.996 for inositol, r 2 = 0.999 for sorbitol, r 2 = 0.999 for lactose, and r 2 = 1.0 for glucose. Intra-experiment variation in percent of recovery of the standard samples ranged from 91 to 102% (Table 1 ) and inter-experiment variation ranged from 90 to 101% (Table 2) .
Chromatographic conditions
To assess the ideal chromatographic conditions we utilized three parameters: k' (retention), a (selectivity) and N (efficiency). The k' values for mannitol, melibiose and lactulose were 2.53, 3.15 and 3.99, respectively (normal range: 1£k'£10). Selectivity (a) was 1.24 for melibiose/mannitol, 1.27 for lactulose/melibiose and 1.58 for lactulose/mannitol (normal range: a >1). The efficiency of the column, i.e., number of plates, was 4395, 3642 and 3165 for mannitol, melibiose and lactulose, respectively.
Validation of the permeability test using mannitol and lactulose Figure 1 shows a typical chromatogram of a healthy child and one with diarrhea. The lactulose peak was significantly higher in the child with diarrhea compared to that for the healthy child.
Evaluation of the intestinal permeability in children
Analysis of the intestinal permeability of healthy children (controls) using the lactulose/mannitol test (Figure 2) showed a significant decrease in percent lactulose excretion in urine compared to children with diar- Table 2 -Intra-and inter-experiment variation of retention times of standard sugars measured by HPLC and pulsed amperometric detection.
Data are reported as means ± SD of recovered picomoles of each sugar. 
Discussion
Reports on intestinal permeability measurements (11, 12) have considered the lactulose/mannitol ratio a primary parameter for the normal functioning of intestinal epithelial cells. We have previously evaluated this parameter in human immunodeficiency virus infection (1) . The current study revalidates this parameter in children with and without diarrheal diseases, from a poor urban community, Gonçalves Dias, in Fortaleza, Brazil. The mannitol peak showed no significant difference between children with diarrhea and healthy children. In contrast, children with diarrhea had a higher peak for lactulose compared to children without diarrhea, suggesting a change in intestinal permeability or mucosal damage. Melibiose peaks in both chromatograms are used as control internal standards for the quantification of the sugars. The chromatographic conditions as measured by retention, selectivity and efficiency were within the normal range, suggesting that the technique was appropriate for separation and detection of all standard sugars. The HPLC-PAD method to detect lactulose and mannitol was precise and sensitive.
Evaluation of intestinal permeability by the lactulose/mannitol test proved to be appropriate and sensitive when children with diarrhea were compared to healthy controls. There was a significant reduction in lactulose excretion in the urine as well as in the lactulose/mannitol ratio of the control group. On the other hand, mannitol excretion did not differ significantly between groups. The data suggest that the lactulose/mannitol test associated with HPLC-PAD detection of sugars might be a useful, easy and sensitive method of measuring intestinal permeability in children with or without diarrhea. Moreover, these data reinforce our previous results using the same technique for adult HIV+ patients with and without diarrheal diseases (1). The results further agree with and extend information published by others (13, 14) on intestinal permeability and epithelium damage observed in children with diarrhea and malnutrition. A recent report by Goto et al. (15) showed that the median urinary lactulose/mannitol recovery ratio in asymptomatic infants who had diarrhea during the week before testing was higher than that in children who had been free from diarrhea for at least one week. These results also suggested that recent diarrhea was associated with altered intestinal function in this group of Guatemalan infants (15) .
In conclusion, the present results support the potential use of this method for the detection and quantification of several sugars, including lactulose and mannitol. These data also validate the use of lactulose and mannitol as molecular markers to assess changes in intestinal permeability in healthy children and children with diarrheal diseases. Furthermore, this permeability test has potential as a noninvasive method for monitoring the response to therapy in children with diarrheal diseases.
